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!II
Although the problem of ablative and evaporative cooling in the

r ~ ~Interior ballistics had been considered before, the -mechanism of the

cooling is not clearly understood. In order to optinize the cooling

- effectiveness a thorough theoretical and experimental study must be made.

I This report summarizes the effort .In the period from January 1970

to April 1971 to study the cooling mechanism in the interior ballistics.

SThe basic aim is to explore a better prediction of film cooling convective

coefficient for a simplified model which however retains the basic charac-I
teristics of the interior ballistics problem.

The experimental study was carried out at Rock Island Arsenal by

personnel from Science and Technology Laboratory of the Rock Island Arsenal.

This part includes design and modification of cooling projectile, conver-
sion and interpretation of experimental data. The theoretical study deals

with the solution of gas dynamicsand heat transfer in a unsteady, incompres-

1.• sible, two-phase flow with non-isothermal wall. Heat transfer convective

coefficients are predicted or correlated with the experimental results.

S;The work reported herein was done under contract number DAAF-01-C-0380

with Rock Island Arsenal, U.S. Army Weapons Command.
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ENOMENCLATURE

L- Dimensional Nomenclature

A Total cross-secitnal area of the small holes cn the projectile

c Constant pressure specific heat of the propellant gas

cp't Constant pressure specific heat of the liquid ga

c Constant volume specific heat of the liquid

D Internal diameter of the barrel

k Thermal conductivity of the gas

k Thermal conductivity of the liquid

L Total length of the barrel

[.Mt Total amount of the liquid

P Pressure of the gas

P£ Pressure of the liquid

Pb Pressure at the breech of the barrel

q Heat flux

Heat generation

R Coordinate in radial. direction

R 0 RInternal radius of the barrel

SR Universal gas constant

* T Gas temperaturu

T Temperature at core

T Liquid temperature

T1w Wall temperature with cooling

T Initial temperature (w toom temp)
0

Reference temrerature

ST Wall temperature without cooling

- T -T
Tc c o
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I ~t-tp

t .,..:rrespondent time !ihere the pr iecttle ia, located

tr Ref erence time.
U Gae velocity in radial direr-ion

e U Exit velocit, of the. projectile

,I, Liquid veldcity in R-direction

Reference vleocity = U- ) I

V Velocity' in :-direction

W- Gas velocity in Z-direction

am *.: £ Liquid velocicy in z-direction

Projectile velocity'

,- I (Ro-R), distanzea from the wall

Y! Position of gas-liquid interface

Y i- -Y, pointing to the solid wall A

"Z corrdiante along the barrel

-A Z Position of the projectile

L .P Gas density

.4S Liquid density

I Pr Reference desnity

F Gas viscosity

V -, p£Liquid viscogity

*-. CQQod1n~te _around the center of the barrel

4 i~
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Noný D ensional Nomenclature.

A ~ 7 .. tA con.t~

a Total cros- ectional area of the s=111 holes i.n the projectile

: C• =0.5928, a corsta-at

C 0,726, a cov:tan,ý.

* d0  Internal diametea' oi the barrel

E"E Eckert :.,aier of' the gas

E Eckert nuh.5" of the liquid

Sf 1Functions of n

S2 Functions of n
S• f3

3 Functions of n

f ' 4 f 1lf2

.H A function of Ct,y)

h Heat transfer coefficient

44

hi Thickness of the liquid a- z z

'- 1.82, a constant

l Total amount of the liquid

n - -3.65 , a constaat

SWu Nimselt number

p Pressure of the gas.

bPeasure at the hreech.
iib

pt Pressure Of the lIquid

P r Ptandtl number
- 1. L Heat e..ner-iation in the boundary layer

qc• Heat generation in the core solution

'T
-~ -~ - c -vii



r I Coordinate in radial direction

c t Internal radius og the barrel

Re Reynolds number

t Time

u Gas velocity in t-direction

u Liquid velocity in r-direction

U2 ARie u

Sw Gas velcotiy in z-direction

w Liquid velocity in z-.direction

w P WVelocity of the projectile

y 7nR-e (y -y)

Yi Thickness of the liquid filM

z coordiuate along the barrel

z Position of the projectile

P Gas density

Similarity transformation invariant variables

n0

c

C
P

e Gas temperature

-0 Gas temperature in the core

8 Liquid temperature

9 Wall temperature with cooling

0 ... Wall tehiperature without cooling

a Thermal diffusivity

VHVi
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-- ,, NTRODUCT;PN1: -

I t is well known that the presesit firing arms are. limited for their

continuous firing capgbility due to the thermal expansion or cook-off from

the t"cessive heating in firing. For example, Cohn (11 and Corner (2)

show that a heat input of 1,000 Btu/ft sec. is possible. Many approaches have

"been attempted to remove this large amount of heat transfer such as the change

of configuration, different propellant, change in firing frequency, hand

liquid cooling. Without changing the existing design, one of the most

promising methods of cooling is to coat an ablative and evaporative miaterial

on the interior wall by the projectile as it passes through. Ilia thermal A

resistance of the so generated -vapor may seal off the heat transfer from tLe

combusted gas to the wall . It was shown by, Cohn Eil and Adams and et al [3)

" •-that even smearing with. silicone oil or coating with teflon or beeswax on a

projectile does have some cooling effect. HUwever the exact mechanism

of the insulation is not clearly understood. The present theoretical and

experimental research is motivated to study the cooling mechanism and to

optimize the effectiveness of such cooling devices.

A ""The experimental study used an 101140 Aircraft Automatic Gun as the model

to analyze the cooling elfectiveness of the cooling projectile which contains

water as coolant and to obtain the boundary conditions that are needed in the

theoretical analysis. The theoretical study analyzes the gas dynamics of the

-- propellant gas to the barrel occurring behind the projectile.

Convective heat transfer coefficient which is important in heat

transfer calculation Was deriyed for unsteady compressible flow with and

without liquid cooling in a barrel.

T* The number in the bracket denotes the- reference number listed in REFERENCES
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UJ CONCLU5aIONS

Before details of experixentation and theoretical analysis are reported,

S~ important conclusions are first presented in this se~cti.on for readers who

are interested in the present results and the application of the solutions

m6 obta-.ned. It is concluded that:

1. Solid material coated on the projectile is not an effective coolant

because of the low melting rate in a time interval of two to three

milliseconds. Therefore, liquid is adapted as the coolant.

2. Water as a coolant is proved to be excellent, since it is inert,

inontoxic in both liquid and vapor phase, more transparent than silicone

oil in vapor phase. Antifreezer may be added to water to lower the

freezing point in use.

3. Proper geometry of the modified projectile that contains coolant is essential

for an effective and uniform cooling. Of the eicht modified configurations 3-

• . (see Fig II-1) tested, the No. 2 type gave a distinctively effective and

uniform cooling. These modifications are based on the analysis given in

- Appendix IIA. We conclude that injection of coolant through side copper A

band and the front portion of a projectile gives a better, even distribu-

tion of coolant than other combinations.

4. Experimenting with water as the coolant in the No. 2 type modified projectile A

the peak temperature on the intetior wall is red-.ced by as much as 40% in com-

parison with the standard round based on the single shot experime.nt as
shown in Fig 11-2. Cooling is particularly effective near the muzzle end.

5. The analysis of the gas. dynamics of the propellant gas. behidn the projectile j

S-and the heat transfer throug the propellant and the-coolant to the wall

may be divided into three regions - core flow,, gas bo.indary layer flow L
land iquid layer flow.

VTN
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6. Gas and liquid boundary layers are found to be small compared with the diameter

of the harrel. The th.cknesa of the layer is about one hundredth. 9f the

diian eter.

7.- The gas core. solution is solved provided that
i7 T

the pressure response at the breech. and the projectile position as a

fun:ction of time are known. The -result gives the following dependent

variables in dimensionless form (deviation given in Chapter V).

}- Pressure:

Density:

Tepeperature :.

S-bIt) p/e ,SJ2161 - t +J (2-3)

Gas velbcity:

-: T

S•' t /it I>/ 1>•t (2-4) $

Ig The analysis shows that the pressure distribution can be predicteO to a 4 -•

:1 -. :
- --



6

1% accuracy at any location behind the projectile. Fig 11-3 shows the

cQVpar±,on bitwaen theory and experiment. The aboya Eolutiqns. are alto

programmed in Appendix IIB for general input of projectile position versus

time and breech pressure functions. The above analysis should

.be used ).'15_ milliseconds after the firiItg q since the solution is

8. inaccurate during the strong propellant reaztion. i

'•8. The gas boundary- layer flow without liqr~id cooling is first solved to

T " understand the heat transfer mechanism. The solution is obtained through.

similarity transform. ne analysis dealswith. an unsteady compressible

laminar fosz with. heat generation and non-isothermal wall. For the

wall temperacure of the type (see Chapter V, Eq (5-13))

1~ cS~~ to)) (2-6)

the local Nusselt nmber which is function of time and position is _

-..... h/

(2-7)

For the XMl40 Model or the like fl(o) = 3.2,f'(o) - -0.12. It should

- be noted that Newton's cooling law is defined here as

hit.

- 1 ~i (2-8)

XI• where Tr=

aad that the time and location in Eqs C2-6) and (2-71 iTrust be beihnd the

projectile or 3 z (t), For other type of interior ballistics -fl3)c f 14(o)
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lun th4 equation (2-7L1mav he taken aa a constant to he determined from

9-.I experinental 4'4. The liJmitation of the formula C2-71 irx that the non-

$.sotherioal wall temperature must be given by Eq. (2-6) which may only

approximately represent the actual-response in experiment. Nevertheless

SIit Is recommended over the use of steady, incompressible laminar formula.

Examples of -using Eq. (2-7) can be found in Chapter VI.

9. The heat transfer from the propellant to the wall through. a liquid layer

"- iIs solved appro.-imately in Chapter VII'. The Nusselt number which is also

I _function of tiL= and distance along the axial direction is given as

L V

+ -. where Yj is the liquid film thickness. A rettiod of calculating y± is given

in Chapter VII section 1. Because there is not enough information about the

existence of a liquid film behind the projectile and about the percentage

of liquid in the modified projectile th.t may get behind the projectile the

solution thus obtained from Eq. (2-9) can only be taken as preliminary

one. Further study is needed to verify many assumptions which aze not

"theoretical, but arc experimental and yet to be established. An

alternative heat transfer formula is also derived its Chapter VII section 3

based on the response of the solid wall of the barrel.

10. In general with, cooling liquid -here is about 30% of reduction in heat

•" flux from the propellant gas, to the wall for the modified projectile of A

No. 2 (see Fig IT-114 The mechanism of cooling effect mainly comes from

the absorption of heat by the liquid and therefore the reduction of temperature

gradient near the wall.

k I



I L EXPEADJENTAL 5TLJDIEý

111-1 Projectile Modification

In the design of the modified projectiles for experiment, consid-

erations were made to provide an even distribution of coolant on the interior wall

and a good lubrication effect for the motion of projectile. Then several

single shot experiments were conducted to determine the best coolant exit

locations and hole diameters among the proposed modified models. The I
"hole diameters are calculated from a theoretical analysis under the cri-

terion that the coolanc is completely squeezed out by the time when the

projectile leaves the muzzle end. In the analysis the effective pressure

to squeeze the coolant out of the projectile is assumed to be one half of

the bore pressure at that given instant.(See Appendix II A)

A capsule containing water is inserted into the hollow space of the I
prxj._ctile as shown in Fig. II-1 for an initial test. One hole at the

bottom and four to eight holes evenly spaced arouod the projectile are

drilled. As the projectile is fired the pressuro on the base oi the

projectile will squeeze the water out of the projectile through the holes

.�around the projectile. The water then is coated to the inner wall of the

barrel. The precise dimensions for machining are shown in Fig. II-1.

-Approximately 17 grams of water weresealed in the projectile by a polyeth-

ylene capsule, a rubber bag, and a polyethylene tape respectively. The

experimental results showthat the modified projectiles NO. 2, gave the

best result with uniform cooling and lower wall temperature (40% reduction

in the maximum wall temperature from that of the standard, round. See

T Comparison of Figs. 11-2) It was establishe~d that the front holes and

peripheral h,. s located betw-aen the copper band gave the best result.

4 t Therefore No. 2 is adapted for experiments of continuous firing. The

I
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T data obtained for srin$le shot experiment are the ;easurements of the

Interior and exterior wall temperature, and the pressure respons~e in five

I locations of the gun barrel . All experiments were performed at the R u;,k

Island Arsenal by personnel of the Science and Technology Laboratory. The

-" data are included in Appe.adixes III A,B, and C.

111-2 Instrumentation

The Instrumentation of the experiment was also set up by

personnel of Science and Technology Laboratory at Rock Island Arsenal.

-- Tb. model used for the experiment was XM140 barrel. Five pressure probes,

four interior wall temperature probes and six external thermocouples were
Xj

used to record data. Kistler pizo-electric high pressure transducers were used for

pressure measurements. The platinum -platinum 10% rhodium Mo-Re surface

temperature probes were used to measure internal wall temperature. Both

probes have a response Uime of microseconds which is sufficiently accurate

for a test interval of 2 to 3 milliseconds. The external temperatures were

measured by chromel-Alumel thermoc uples welded on the outer barrel surface. the

arrangement of probe locations is shown in Fig. III-1.

111-3 Results and Discussion

111-31 Recommended 11odel

Eight proposed modifications of the projectile shown in Fig. 11-1

were tested on a single shot basis in the first two experiments and compared

with the standard round. Each modified projectile contains G.039 ibm

(17.6 grams) of water. All eight modified projectiles exhibited

4 substantial cooling effect in the first experiment. Ir. particular, the

peak internal surface temperature can be reduced as much as 40% from the

standard projectile. This can be seen from figures in Appendix III. where

T:' Internal surface temperatures are designated by Sl, S2 , and S3 . Among the11S9 S
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eight experiments of modified projectiles the first three rounds 01, #2,

and 13 Cspecified in 'Fig, I-1) are judged to prqvide satisfactory results.

'For test projectiles 14 through #8 data obtained in a short time after thf

firing are satisfactory. However, because of the separation of the aluminum

cap from the projectile at approximately 1. millisecond after firing, data

thus obtained are insufficient to indicate the effectiveness of the .odifi-

catio-O Nevertheless, these data provide a relative-comparison among the

projectiles 14 through #8. Based on the results of projectiles #1, #2, and

#3 projectile #2 gives the best cooling effect through out the barrel.

This modification shows that a better, uniform coating of liquid on the

"surface of the barrel can be achieved by squeezing liquid out from the front

portion and between the copper rings of the. projectile as shown in the

Fig 11-1 by P and F. Since the cap of projectile separated from the pro-

jectile for #5 (which has the same configuration as 62 except a larger

diameter at the bottom of the projectile denoted D in Fig. II-1) this series

of the test did not allow us to compare the effectiveness of projectiles

12 and #5. Therefore, the type #2 is recommended

111-32 Temperature Response

From Fig. 11-2 we see that with liquid cooling the peak internal wall

temperaturesare greatly reduced. This may attribute to the liquid sealing

effect that prevents the hot. prop~llant gas from contacting the wall.

IL should be noted that with a pressure higher than the critical pressure of

water in the barrel the evaporation effect of liquid is almost negligible.

Only when the projectile has-left the muzzle can evaporation be a cooling

-ffect. Note also that at a given instant, say 2.3 millisecond, Fig. 11-2

gives a high temperature for a larger distance from the breech. This can

be explained from the fact that a larger projectile velocity near the
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muzzle end contributes to a larger friction heating and hence a larger

J temperature response.

Referring to Appendix IliIA, on external wall temperature we observed

I that '°tmperature response at K5 appears to be the highest one. This is

- because the barrel thickness at K5 position is the thinest over the eutire

•" length of the barrel. We note also that temperature response at Ki is

j high although the thickness of K1 is thick. However this may be explained

by the fact the core temperature inside the K1 position is hottest of the

core temperatures.,

111-33 Pressure leOonse:

In the case of liquid cooling the peak pressure of P1 , at the

breech, was cut down about 5 kpsi, compared with. a standard round, while

the response at other positions remain the same. This can be seen from

the pressure- curves of PROOF ROUND NO. 3 and PROJECTILE NO. 2 tested on

June 3, 1970, Appendix III A. This-is due to a pressure release to fill

up the holl:fs, space inside the modified projectile at the early stage.

However, this does not seem to slow down the exit velocity. It can be

"* seen from the following fact:

For standard projectile (without cooling PROOF ROUND NO.3) the pro-

Jectile velocity at the exit, W is :based or the core solution

W - 2130.8 ft/sec 4

p
and for modified projectile (modified Projectile No. 2) its velocity

in ft/millisec. is ,based on-experimental data,
"" . ~dZ;•

- d . 1.87696 7 - 0.55565t + 0.05672t

p dt
at the exit of the barrel t = 2.38 millisec.

W - 2079 ft/sec. A

Tho above evidence indicates that the exit velocity of the modified pro-

A'
jectile can reach the velocity attained by the standard projectile even though

• [• V
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fi there .is a drop in peak pxeas.ure. This, indicates, that the liquid squeezed

f rom" the lateral and front side- of the projectile on the viall of the

- i barrel does serve as a lubricant and reduce. the friction force between

the wall and the projectile. This reduction in drag force provides a

"higher acceleration near the muzzle end for the modified projectile.

: t111-34 Continuous Firingh..Twenty rounds of the modified proJectile number 2 were tested in an

experiment of continuous firing. However only ten rounds were fired when

a malfunction of test gun occurred. The result of the experiment was

given in Fig. 111-2 111-3, 111-4, and 111-5. Where Fig. 111-2 gives the lo-

cation of temperature probes and Fig. 111-3 gives the internal wall temp-

erature measurement at 2.37" from the muzzle end without coolingi Figs.

111-4 and 111-5 are external wall temperature measurements with and with-

out cooling respectively. It should be noted that there were twenty rounds

of standard projectile fired during the experiment which does not allow a direct com-

parison with the data of modified projectiles where only ten rounds were fired.

Nevertheless, we observed that with and without cooling the external

04 temperature increases linearly with time after the first five rounds.

Although based on the single shot experiment the heat transfer behind the ,

projectile can be reduced by liquid cooling, the combined total cooling

U 'effect under continuous firing needs further investigation before con-

"clusions can be reached.

* h '
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JY YQVATO 0F THEORETIcAL ANALXPSISI

IV-I General Consideratikon

Consider that projectiles are continuously, fired vith a certain

frequency. The analysis of the gas dynamics behind the projectile is then

basically a viscous, compressible periodic flow with heat transfer. Although

S"the analysis of gas flow without liquid cooling is not contained in the

original proposal it is included here because with some modification the

solution can be extended to the flow with liquid cooling.

1, - The mathematical analysis consists of two essential parts. They are

the gas core flow where the viscosity and conductivity are not iwportant

and the boundary layer flow where the viscosity and conductivity plays

-- the major role. This division is based on the order of magnitude analysis

of an unsteady viscous flow in the following. From the characteristic of

the viscous diffusion of an unsteady flow it is known (for example see

Chapter V of Reference (4)) that thickness of the velocity boundary layer,

S-,at a given time under an accelerated flow is t .Where I is

the characteristic length, t, the characteristic time, and , v. the kine-

matic viscosity Lf the propellant gas. Also it is known (for example see

Chapter XII, p. 270 Effect of Prandtl Number of Ref. (4]) that the temper-

ature boundary layer is of same order as the velocity layer if the Prandtl

number of the fluid is of the order of magnitude one. Consider that for

the present problem £ is the radius of the barrel, 0.6 inches, and t, the duration

of the projectile in the barrel, 2 milliseconds. Then the maximum boundary

layer thickness is only one hundredth of the radius. Therefore 99% of the gas

flow near the center of the barrel is not affected by the viscosity and the -

condictivity of the fluid. Hence a core analysis may be performed independently

of barrel wall conditions. When the core solution is obtained the boundary

I U
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layer solution can be solved. Also when the cooling liquid film is in-

cluded,the analysis in the boundary layer becomes a rather complicated

T �wo-phase flow. Fig. IV-l illustrates the division of the analysis in

the following sections.

IV-2 Assumptiona

According to the general physical understanding, the following assump-

tions are made.

(1) The flow is not too far away from the laminar flow and

the Navier-Stoke'i Equations can be used for the present

analysis.

" (2) The gravitational force is negligible.

(3) The ,flow is axially symmetric (i.e., = 0) and there is no circumferential

velocity component (i.e., V - 0).

(4) The liquid layer is incompressible, and the gas is ccpressibla.

aA (5) The flow is periodic in time.

"(6) The wall is smooth but non-isothermal.

(7) Transport properties are constant.

IV-3 Governing Equations

It will be e-nvenient to take the cylindrical coordinate system with

* axis being the center line of the barrel. Let (U•V,W,) be the velocicy

7- components in the direction of (R,#,Z) respectively. ThenUIW,TP are

functions of (i , R, Z) (see Fig. IV-l). For the gas stream(without

-r subscript):

(A) Continuity equation

- 0
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Ii -Projectile

I or Z Gas Core

rfor R

lif Gas Boundaryk Laker
•~Wall -

(a) Flow without cooling

t -Projectile

"" • ~Gas Core__

Gas Boundary Layer

S: 4.Aquid -aye

(b) Flow with cooling

Fig. IV-I. Schematic Drawing of Flow Fields
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(B) Momentum equations.ICI

ST (4--2)

where )i is the viscosity of the gas, and

= A. • . where A and are unit vectors
SI V

Z-direction,

ýV (4-.3)

(C) Energy equationfc Cr LI~ - Ta 6it
D- 4R+ (I- + I

where

M.- OK- , .b -, (4-5)

j k is the thermal conductivity of the gas, Qh is the heat generation

' due to coubustion.

V.

!1 -

-- - -
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S(D) Equatign of atate

TC (h-6)

II
where Cc is a correction factor depending on the range of pressure

T under consideration. For a pressure below 37 kpsi C is 0.726 approxi-

mately.

For the liquid layer (with subscript 0):

- (A) Continuity equaticn

(B) Momentum equations

R-direction,

.. . • .•L-t , Z141 ]
(h-8)

where, p and p are density and viscosity of the liquid layer respectively.

Z-direction,

A i ~ A 9LZ+ LR wLN Y (4-9)

-" (C) Energy equation

T, and k are terpersture and thermal conductivity respectively.

I Here we have nine unknowns (i.e., liquid U., W,, P,,T , , and gas U,W,P,

T,ý) with nine equations.

I :ý
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IV-4 Boundary and matching conditions

(1) Boundary Conditons

At wall (R -R )
"0•t.,R, ): (3)- ,1

Id

At breech ZSAA

- 1- a"• Z .- R
P -P

ir• . (4-13)-IJ•,:; "~~T" r T -t•., •. e'

At the projectile at any instance Z - Z (t)

Pp

(2) Matching conditions (the subscript i denoting the gas-liquid

interface)

"(A) Kinematic condition

The continuity of velocity components

-• • , -• -•. (-15)

(B) Dynamic condition

The continuity of normal stress

SThe contitauity of tangential stress

A C-

ij
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(C) Thermodynamic conditions

The conservation of energy

"".4" T(-18)

The continuity of temperature

TA TkA

where Ah is the heat of evaporation. However Ab is negligible

for the operating pressure near or above tho critical pressure

of the fluid. For water the critical pressure is 3.21 kpsi.

IV-5 Nondimersionalization

We make the above var-lables- dimensionless by letting

-%A % -4 - _- - -

where , Pr L, tr Tr, are dimensional characteristic quantities

defined as follows with typical values in the parentheses.

L .- characteristic length of the barrel (3.478 ft)

U "projectile velocity at exit. (2130.8 ft/sec)
r

"t =characteristic time k- (1.6322 millisec.)
U

r
P w density of the propellant gas right behind the projectile atthe exit (5.504 lbm/ft 3)

"" ~U 2

T = characteristic temperature -- Z (2173.9 OR).. r R

D - diameter of the barrel (1.2 inch)

P = characteristic pressure p rUr 2 (5.388 kpsi)

M = mclecular weight of the propellant gas (23.805)
, 545.33 ftlbf'S- Gas cyc"•tant 6 M = 64.9142 lb 0Mo m .R

Ah - latent heat

-A
- 'l ~
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with known transport properties

lbi

u - 2.8xl0 5  -pe (see TABLE IVA)

=1.Z4.3 lb,

U-£ W 0.071x103 ftsc -

K - 0.04 Btu/hr.ft OR (1500 OF) "(gas)

K - 0.35 Btu/hr.ftR (500°F) "

- 0.435 Btu/lbR (gas)

c- 0.35 Btu/Ib°R (gas)

Define the dimensionless parameter:

Reynolds number Re - r

- -Prandtl nunber P "K P P
U ,U2 Uy2

Eckert number E r ,T
p r Pt~r

We have then the governing equations, in-"dimensionless form as

(1) For the gas stream

(A) Continuity equation

(B) Momentum equations

where

jt Y
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3>

t g

'I'TABLE IVA Viscosity of equilibrium air

(from ARS Jouryr.1, Aug. 1961, Pl1152')

T(*K) 0.1 atm Ilatin l0atti~n l00xtmlodoa.tm
3000 0.87 0.86 0.85 0.8. Q0,85

400 1.3 1.12 1.09) 1.08 1.07
5000 1.37 1.36- 1.34 1.32 1.29
6000 1.67 1.61 1.58 1.54 1.517000 1.97 1.91 1.82 1.78 1.74
"8000 2.20 2.17 2.11 2.03 1.97

'N .4

wa.Q.

~~1'

~** -, *-



28

(C) Energy equation

-- T + (4-24)

PRe.

(D) Equation of state

(2) For the liquid layer

(A) Continuity equation

(B) Momantum equations

R-direction

e~r b QA V'~~ j~1  (4-27)
Z- direction

--- ¢ . .. l 4-28)

(C) Energy Equation

"" (3) Boundary and matching conditions

At wall (r 0F)

(430

"" At breech (z = 0)

W- 4(1-31)

- u=O

1I BL
43:O ~tr•
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At projectile (z - z

p - P (tir T P

w M w (t,r,zp)

u - 0 (4-32)

0-0 P

At incerface

u - u, w- (4-33)

-- (4-34)

K~~~4 -(e(35)

t. C) . 2

"Obviously the above problem is difficult to solve. However

with the division of flow region given in IV-1 we may proceed

to solve the problem in the following sections.

I
-t--~---
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V ANALYSIS OF CORE SOLUTION

V-1 Core Problem

From the general consideration in Section IV-l we found that the boundary

layer thickness is very small compared with the diameter of the barrel. The

propellant gas flow near the center of the barrel can be solved by neglecting

the boundary layer. Accordingly, the analysis becomes that of one-dimensional

unsteady compressible flow with the governing equations as follows: 4

+W (5-2)

_G . " (5.5-3)

jLav

where p,w,p and 0 are unknown core density, velocitypressureand

temperature, q is the heat generation of the propellant gas.

The above governing equations are solved with the following

boundary and initial condirions

at z z (.0) w 0 p = Pb(t) (breech pressure)
pb

(5-5)
dz -

Iat z z(t) Wdz

"where zr(t) is the projectile position at the given instant. For the

present case z (o) - 0.04642.

E, 
4



At z 0.268 (where data is available) p = 2.21 (5-6)

where p is determined in Appendix VAI

Sat t =0 w= 0 (5-7)

- The projectile position as function of time is obtained from the

experiment through the method of least squares as (standard round)

z = 0.04642 + 0.92578 t 2 
- 0.11475 t3 - 0 . 0 0919tA (5-8)

Thus we have the projectile velocityi i -- dz

dz 2 3 (9
w - -dt 1.85156 - 0.34425t - 0.03676t (5-9)Spdt

Equations (5-8) (5-9) are plotted in Fig. V-1 and Fig V-2.

V-2 Method of Solution

We assume that the density is a frnction of time only. This assumption

leads to a sufficient condition of Lagrange's assumption which has been shown

by Heiney (5) to be an adequate one for the interior ballistic problem. Under

this assumption the pressure and temperature are still functions of the

position, z, and time, t. From Eq. (5-1) we have

*aw 1 Bo
a57 p P E P '

Integrating with respect to z

1 dow - -z+f (t)
"p dt n -•

Noting that at z - 0, w 0, -o that f (t) 0, and that at z = zp, w w p we

have
w

w - z (5-10)
z

p
dz

dt I do (5-10a)-- ~ pp dt !

Integrating Eq (5-10a) with respect to t

I ~ C1
PW
p

where C' is integration constant and is determined as C' = 0.5928 by using
4i4

the condition in Eq (5-6).
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Then

Pt 0.5928 ("po~t) = z t)(5-II)z Mt
P

S •To find the pressure distribution we substitute Eqs. C5-10a)and(5-11) into

(5-2) and integrate to obtain . 2
c' C " (z -z (o))

P(zt) =Pb(t) P2 pSZ 2

after satisfying the boundary condition (5-5) • The temperature profile

k •follows readily by substituting (5-I0a) X5-II), and (5-12) into Eq. (5-4). I

That is
"z2 2,

6=[PZP_ z 01~c)J (5-13)
Pb Zp
0.5928 2z726}~ 2z

p

From energy equation (5-3) we obtained the heat generation of the propellant

Sas 
A

con. 2 2z~

C'z- (0) Z Z '

P P + ,P "P
q 2 z z .P

p~r 2 Zp

+ b +. `b z 2 (o)C' (5-14)
P ZP

where the dot denotes the differentiation with respect to time (i.e.,

d( It. [*)). Therefore we have solved the core solution of the interior
dt

ballistic problem in terms of the projectile motion, z (t),, breech pressure,
p

p b(t), for IMR propellant. The solution is computerized in Appendi flB. Tie

"propellant gas velocity, w, behind the projectile, the temperature, T = qTr the

density, p, pressure , p, and heat generation q are all plotted in figures

V-2 V-3, V-4, 11-3, and V-5.

V-3 Result and Discussion

Although many works on core solution of the-interior ballistic- are

available such as Spurk (6), Heiney (5) Love and Pidduck L7), Vottis (8)-,

and Carriere [9) the present solution has an advantage that the burning rate of 0

T"
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the propellant and the friction between the projectile and the barrel are

not assumed, instead, they are all absorbed i "'he specified boundary

conditions of projectile motion and the breech pressure. Both botndary

conditions come directly from experimental measurements. Heitce the error

due to assumptions of burning rate and friction effectsare eliminated. Also

the present solution has an advantage of simplicity in analytical form over

Sthe solution obtained from theory of characteristics.

In the theory of characteristics the solution must be ob.tained from

series of numerical evaluation of characteristics. Furthermore when
FA

heat generation is included in the gas flow the characteristic ;aut. can

become very complicated. Therefore rte present solution alt. • ..Css Ver-

satile.is more desirable for prediction of convective heat t-.I.sfer through.

the gas boundary layer.

4•n Fig. V-2 we plot both projectile velocity and fluid velocity

behind the projectile. The dashed line is the experimental data obtained

in Fig. V-1 while the solid lines show the theoretical gas velocity. -It

I ~ is interesting. to note that the gas velocity near the breech. end first

increasesand then decreases•but at a larger distance the gas velocity decreases

monotonically with ti .

Fig. V-3 shows the predi:ted core temperature and measured -wall temperature

with and without cooling. The difference in the core temperature and wall

temperature at a given time drives the heat flux from the core to the

barrel. We note that at any givren time the core temperature behind the

projectile always decreases from the breech to the muzzle end. However the

iwall temperature at a given time with and without cooling increases froi. the

breech to the muzzle end. More will be discussed in Chapter VI when boundary

-- -- ----- ..... ... . . .. i i,
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layer analysis is given. Fig. V-4 gives the density variation with respect

to time. The dash3d at the small time was computed from the core

solution. However in this period because propellant combustion is strong

it is felt that the core solution should not be taken too seriousl.y for

its- validity. Fig. V-5 is the plot of heat generation in the core. It is

obvious that generation is the largest near the breech end. About 80 per-
cent of total heat generation is confined in the ten percent of the. barrel

length near the breech.

With the core solution obtained the heat transfer and gas dynamics of

boundary layer flow behind the projectile may be analyzed.

A2

• 
7
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SBUNDA LAYER SOLUTION WITHOUT COOLING

VI-1 Governing Equation and Similarity Transform

* As already discussed in Chapter IV there are two flow regions in

the barrel. One is the core stream in the central portion of the barrel

and the other ia the 3oundary layer near the wall. This boundary layer

flow will be analyzei here. According to the boundary- layer theory

(see Ref. (43)the pressure in the boundary layer is still that of core

solution. The other dependent variables such as density., temperature,

velocity, and heat generation must novr be a function of an .additional

C ivariable r which does not appear in the core analysis. The core solution

*- bow becomes the outer boundary condition of the boundary layer while K
the wall condition is the other condition of the -flow. Only when this flowi5

- is solved car. the heat transfer between the propellant gas and the barrel

be predicted. This problem is much more complicated to analyze in comparison

with steady boundary layer flow because there are three independent variables

- ir, t,z and both outer and wall condition are non isothermal and unsteady.

Iii dealing with this complicated problem, we note that Reynolds number

in the flow is Re =- - 1.45 x 109 (or, in the conventional definitions

Re = 2.9 x 107) Which is very large. Consequently, the boundary

layer thickness, in ordr of is very small. Therefore, for the

boundary layer flow we shall dailne the new variables

y V (r. - ), distance from the internal-wall of the barrel, and

L_ .U-"R-e u, velocity in y-diraction (6-1)

to stretch the small quantities (r,- r) and u so that each. term in the

goverrdng equations in these new variables is -of order of unity. Upon

-neglecting the terms of small order we reduced the Eqs. (4-21) through

(4-24) in terms of new variables, V and u of gas boundary layer asofgsbonay lyra
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Cont~nui.ty Equati.on _

Momentum Equatine

In y - rection

L In z.- direction 3(6
. u~ LW + W LW_2k + --82 (6-4)

at By a z D

Energy Equation.
3, ae ae 36 32e

S. ~p( + u --3-. F + w +•• --yu (B +u wyiz,.'

3z p~ X 7 Bt + By ftz

+ 2 (."L-) + qB.6-.1

Equation of"State

p. = p0 0.726 (see Eq. (5-12) for p) (6-6)

Considering the solution form obtained in the core solution we see

-, that the independent variable z can be aeparated out in the boundary

layer flow by setting

w(t,y,z) - H{(*,y)z e. ,,) (6-7) A

Furthermore, the heat generation qB.L. in Eq. (6 5). is assumed to possess

the similar form of q in. Eq. (5-3), that is

Be + w 184( 3 w 1 2 (6-8)
•" ~qB.L. ' P(It- +wz - t S( zW(-•)•

And it is noted that the Eckert number

S.• E =---- --- 0.195
c Tp r

I in the present case. The ter E(-. )2 is thus uegligibla compared with

other terms in Eq. (6-5) which areof order of unity.,

At
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Substituting Eqs. (6-6), (6-7), and (6-8) in to Eqs. (6-2) to (6-5) we E

Li have the resulting governing equations

H + u +2H (6

I 'P
Li

r By • p - 2 ;

; I These unsteady compressible boundary layer equations are solved with initial and A

boundary conditions to be described in VI-2. The method of similarity trans-

II Ifcmation will be used to solve the above.problems. The method of similarity

-transformation can be. divided into two kiuds, i.e.., via separation of variables

and one-parameter group theory. The excellent references for the

latter method can be found in the books by Hansen (I0) and Ames (1i) and

the paper by Morgan (12).
z

From the present experimental result we found that -Pin equation-
2

* z P
(6-10) could be approximated by a form of Met as shown in Fig. V%-1,

4'

z
i•where both m. andz are constants. This makeR it possible to apply one-

parameter group theory of sl'ilarity transform to reduce our partial

d4fferential equations inty a set of ordinary differential equ.kticns which

can be solved numerically. In order to satisfy the invar'lant requirement

of the method we have to choose the similarity va7tables as follows

-A
ti t Ii1=t y AS

3(fn) (42

where

. • and j are new variajtles in another group
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A- n is the index of mt

, f 2 af f are arbitrary functions of n1.

- Substituting Eq. (6-12) into Eqs (6-9), (6-10), and (6-11) we have a set

of oridinary differential equations
: n+l

(f2 + f + fl- + (f 3 + n+2)fl -0 (6-13)

(f f + n+l ,1f) f1 '2 2 .3 '� + "31 f(6..))3

2 2 f ,  f2 - fP 1 1' o (6-15)1 r•ff'"g'
9

where the primes denote the differentiation with respect to n. The detailed

derivation is presented in -Appendix VIA. From Fig VI-1 we see that
/Z me can -be approximatedby 1.82t-3. 6 5

=t cn, i.e., m " 1.82, n -- 3.65.Sidt2 p

These values give A = 1.325. The above differer-tial equations then can be

* rewritten for XIM40 model as

(f 2 - 1.325 n)fi + flfZ - Cfa - 1.65) fl = 0 (6-13a)

(f f 1.325 Tnf )f3 + (f 3 - 1) flf3-f . 1.08 (6-14a)

-2 l l
C2 f 1 +Ppf + o (66-15a)I g2

Li VI-2 Initial and Boundary Conditions

It is seen that five conditions that combined initial and boundary conditions

are needed to solve the problem.

At the wall, y - 0 , or n - 0, the density related function can be approximated
from the experimental data(see Appendix VI B) asi"•;~ (3•) - 3.2-:

-1.

and the no-slip and impermeable condition give (6-16) -

f 2(o)-0 foru-0

f3(o),0 for w -0

' . .t. --. v- -- - - .
-+ -
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From the core !tream, y -i , r÷ ý, nQ 8radients in • direction can e.st,

thus

fj C-1 a ,for -- 0
(6-171

f~~Gfor 8-"0

VX-3 Method of Solutions.

The IBM 360 CSMP(Continuing System Modeling Program) computer 1 -nguage

was employed to provide the numerical solutions, As CSMP program handles i

initial value problem, only, condition (6-16Y at n!= 0 can be used.

Therefore, we must guess the values of f'Co) and f Co) such that f,(_) 0

and fai[)"= 0 at n -) w • After several attempts were made we found that

f{(o) - -0.12 and f5Co) - 2.024 provided us satisfactory results. The

computerized print-plots are presented in table and figures in Appendix VI.

"We examine the convergence of solutions in the following manner. From

1-2A~ l~) -1*65fl lEq (6-7) we have P - t ff Nowas n the density

in the boundary layer,p, should approach Fcore Z ' where C' 0.5928 and iS

Z- 0.589tI 6 5 approximated from Fig. IV-l. Thus T9

"-1-65 0.5928 -1.65 -1.65
•, ~t"'t-'65fl()1 0.589 -

7that is, f(-)= 1 at n . This conditicu is satisfied by the numerical

solution as shown in the first figure in Appcndix VIC.

From Eq. (6-13a), as n * •, V 0, f i 0, then f 3  1.65. From the

computerized print-plots it is seen that f 2 converges to -2.426 where

Sf, ÷ 0 satisfying 0 nd, f3 converges to 1.65, as n, goes larger.

Finally, Eqs. (6-12) and (6-7) can be rewritten as

-.-
II •.-j

:- - - - - - -
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11 C t 4  (6-19)

-I u t 0 .3 2 5  ( 2

W in - tz (6-21)

- With. the~e expressions and the table in Appendix VIC we are able to evaluate
the values of p, u, and w for any given value of T1.

.• •:NOW we er-ami'ne the -validity of our prior boundary layer approximation, in

SWhick-We assume the boundary layer is thin compared with barre diameter,.

To evaluate the maximum Boundary layer thickness that occurs at the maximum

-- tive t - 1.409 ,dimensionless, (the time the projectile exits) we. observe

from F3 plot- in AppendIx VIC that the velocqaty approaches the core solution

f3 1.65 at n ) 4. ThAt is In y dimensionless coordinate

1.325 1.325y t n. - (1.409) 4 =6.3

Li •The boundary layer thickness is estimated to be
=:-'-• - •6.3

-- r0 - - 31.66 2c 1-4

LA 1. 45x109

R 0.6 -1.43 x 102
VO 42 14

thus

(; 1.66 xl-. 0 -

r.o 1.43 x 1"-2 86

" I •iIt is readily seen that the ratio of boundary layer thickness to tha barret.

- radius is which is about one percent of the barral radiw.. Therefore,

we qonclude that our prior boundary layer approximation is valid.

VI-4 Beat Transfer

Now we should consider heat flux from the gas to the cold wall and the

I heat transfer coefficient in the temperature fielld.

I
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From the equation of state and the expres~s.ponq 9or9 aad p in Eqs(5-12)

and (6-19), ;e-pectiye,,el we ob~t~in.
____ -365 z ~- z (o)

1.6 _____ pt - 1.08t - C 6-22)S- 0,726p 0.726. 2

Here we should remark that the boundarycondition flCol - 3.2 in Eq(6-16)

was approximated one. For the detailed evaluation is referred to Appendix VIB.

In this approximation we did not take into account of the short time interval

in which the teiperature changed from room temperature to the approximated mean
I0

value, 750°F. Therefore, the temperature profile odtained from Eq. (6-22) and
heat transfer formulas must exclude that short tie interval.

1i.
Under the above restriction the local heat transfer is given by Fourier's

law J

T I (6-23)

Recall that
L R

L L 67or

De-finin k Nu - r - , Nusselt number,from the modified Newton's cooling

law q - hTr we obtain the dimensionless form of. Eq(6-23) as,

Nu jRe 2 (6-24)

The expression for can be derived from Eq. (6-22). Upon substitutingBy
we obtain

V
Fie 0.t). 1 6c It k__414__ (6-25)

1':

'I



i where g -4.12,g ol. - 3.2 a•e. obtained preyiousl.• f..9m Fkiplarity

"aglution. Thuiý we haye. for laminar unsteady co4ressifle flow' in a pipe.

with. a standard projectile the local heat transfer coefficient as

l0_____- I (6-26)
=010 614% Re- ± . -

Since the last term in the equation (6-25) usually ie. small compared

j With Ob term for approximte evaluation the Nusselt nunber mayr be taken as

0.0164 + it-)(6-27)

Pb "= dimensionless breech pressure = 2

LU the exit velocity

r

P the reference deusity. right behind the projectile at the exit.

rL
Re- r

V

SVI-5 Discussion

fT From the f 2 print-plot in Appendix VIC we note that f 2 (F 2 in computer

program notation) keeps increasing till a vlaue of n = 1.4 is reached. Then
j it starts decreasing and finally converges to a value of f 2 - -2.126. As the

Vertical component of gas velocity u relates to f2 by Eq(6-20) this means, that

there are two flows coming together from the wall and the core, respectively,

Sand then joining at a region where r == 1.4. We note that the true value of

the velocity u is very small since q relates to u by u -- u/R . in which

SRe generally is very large. Therefore, the radial velocity u does not

affect significantly the one dimensional core flow outside the boundary.

I layer.
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In the.fol.ioLkng an example and a cqmparis.on of the present result with,

incompressible steady state flat plate boundary. layer solution paro illustrate

the procedure for calculation. 'Consider the heat transfer calculation

T Lth, present formula at the time t = 1.2 (i.e. t - 1.9586 milliseconds)

and the position z - Q.5076 (i.e. Z - 1.7655 ft from breech) we have for the

standard projectile in XM 14(G model

L 3.4-78 -Ft1

(a - 1 2 ,I 4.-j t S e.

Ty Z 174 N1.) o.,c.46

Thus from Eq. (6-2•6) we have

F
N A - 5.82 x 0

the heat flux is theat

2
14 q - hTr - 403 Btu/ft sec,

7 Although there is no similarity for the physical phenomenon between the

present solution and steady laminar flow. If hovever the laminar solution

j •a appli~d instantaneously at a local position some comparison may be made.

We thus now assume that at the time t - 1.2 and position z = 0.5076 the steady

incompressible flow solution (see p.285 of Ref. 4) applies the above example.

That is
it,.V h~. ,~.L !t'(6-28)

vhere

I- 1375 ft/sec _from core solution)

I Z- 0.5076 x L

% ; + -- - .. . .. .. -. . _* c . . .. __ .-
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N x ~ndt1 fltlrger 0.751N Px
Thus

|4

NM2 % k-- 0.7237 10

heat transfer is

q kCT -T 1core - wall)

"0.7237 x 10 x k (3250 -520) 1340 Btu
0.5076 L 2

"Aft se-c

The above comparison shows the steady state heat transfer over estimates

heat .transfer at t - 1.2 and z - 0.507. Therefore the steady flow formula

is not applicable to the present problem.

A

Si-

-- I

tq
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YXIJ THEQP.ET7,CAI ANALYSI.S OF TWO PMAE F'LOW

I In the anlysis of liquid cooling effect many difficultiea and uncer-T
' Itainties appear. YFor example, it is not known in what manner the

S- cooling liquid is squeezed out from the modified projectile; how much

of the liquid will get behind the projectile; and-that whether or not the

liquid will stay in a film layer. Also the extent of the influence

of grooveson the cooling effect is not known. However an attempt is made

to obtain some solutions even they are solved under crude assumptions. Therefore,

the analysis herein should be viewed as preliminary, result rind further

j timprovement certainly is necessary.

VII-1 Determination of Liquid Film Thickness

Ir. the following analysis we shall assume for lack of experimental

evidence that the l1quid squeezed out from the projectile will form a film

behind the projectile. Then the total amount of the liquid behind the

projectile, M, (E), from the breech to the projectile at any given time

•~4. CW•-t•o (,•R (7-1)

where Z = axial length

p - liquid density = const.

D - inside diameter of the barrel

" R -R thickness of liquid film on the wall -4
0 i

-R radius .of interface

Eq. (7-) can be xritten in dimeniiionless form as

S. -- (7-2) -+--
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111 ~where e or

tit

Although the exact amount of liquid, rnCt), at a given time isý not known
II a crude estitate- of 7int) is given in Appendix VIIA from which we. have

If I 0~ Lt)A (-a
where ri(a') is the pressure at the base of the projectile.

The liquid layer tfickness (r o -ri) may. be approximated by a

polynomiil" form.

h •-r•C 0% •- C k. - ),% -•-• (7-3),

where f (t) function of t, and

a a,, and1 -a2 are constants to be determined as follows.

At the breech, z O, r) 0O so that a. 0. (7-3) becomes

Q. Eq.;LCL C (7-4)bcoe)

-1

1' Substitutitsg Eq (7-4) into Eq(7-2) and integrating we obtain

A-



- OT~

At the pQsitiloQ.4ediatel•y hehind the p~roJecti~le, z P z -t).

I xe I(t1 ig the- l.,%uid thlcknesa at the bare of the projectile Ind ts

derived* in Append#z YI••A. From Eq. (7-41 we hAveL - 4-

Tl'J" ~ ~~ r (7-6)

Then a, and a 2 are determined from Eqs 0-5) and (7-61 as

3!

(7-7)

Substituting Eq. (7-7) into Eq (7-4) and noting that Yi = -- o-ri) we have

Once m,, (Eq,7-2a), hi (Eq.7-6), and zp (EqEI8B) are calculated the liquid

film thickness, yi, at a given time and a given position along z-axis can

be evaluated from Eq.(7-8).

Ll A alternative simple estimation of liquid film thickness is also presented

as follows;

water filled in the projectile, Mo = 0.039 lb .

water density, p, - 624 ibm/ft

j diameter of the barrel, DO - 1.2 inches

-' length of the barrel, L = 3.478 ft

C Consider that all water is completely squeezed out and uniformly coated on

Sthe wall of the barrel during the time interval, t- 0 - 2.3 n~s. Then

the liquid film thickness, Ro-Ri, is



The ratiko of R t-R to biqrrel rad1~ Ri~ Is

wh1ch. is one percent of the barrel radiuA.

VI1-2 Two-Phase Gas and Liquid Layer Flow,
V [• There are three zones in the flow, free-stream Ccore Solution) around

f the barrel center, liquid layer near the wall, and gas boundary layer in
between. Among these regions the core solution" iL already obtained previously.

-- [• VI1-21 Gas Boundary, Layers with Liquid Cooling

The liquid layer from the above estimation is very thin and the flow
velocity in it is small compared with that in gas layer. Therefore, thefi existance of the liquid layer does not affect the gas velocity boundary layer

presented in Chapter VI. For the gas temperature layer, since the cooler liquid

Sfilm presents near the wall, it needs some modification. We thus assiume tbat.
_ the mass flux pu in the y direction remains that of the gas boundary layer

I*Ithou: cooling.
Substituting 0 into Eq. (6-11) we have the energy, equation

Making the substitution for p and u from Eq. 6-121. and setting 13
2Here f 4 can be approximated by the following

4 .f.f f4 Z r41(710
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4 2

ITT

'0 -A +AA 12

or

Diin y ,i bcoe

_t A

-- 4

-- = " "(7-11)

Swhere f(t,z) is a function of t and z.

Integrating Eq (7.11) once more

Lic

b ""

•. { As y - ,0 = ;cr ,where 0cr is give~n in Eq. (5-13)
crre core

wher te (temper~satr funtion of t andos thza hrmlbudrylyri

Gct 4P

du (712
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The interface temperature will be determined by Eq (7-37) later. HRre

y,(t.z) is the position of the interface, given in Eq. (7-8).

VZI-22 Liquid Velocity Field

Since the velocities U, and W., in liquid layer are small, we consider

viscosity and pressure terms only. The governing equatiei 'Is, therefore,

from Fq. (4-27)in y coordinate ':ariable

Integrating with respect to y A,

At the gas-liqutd interface the shear force should be matched, i.e.

IA~ Z-

""ien gl(z) In detetiuned aA

TW

Z"1
-V

45
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I- +W 4- •, ,L -a .V -" +,t) (7-17)

Itis readly seen tl" t92 z) -- 0 for y-0., vr -O

As the liquid layer :Us very thin we =ay approximate

"6 -+' •(llB

which' is obtained Chapter VI.

Since Eq. (6-7) givesv -w z H(t,y), we have

SAta_--k. 3"z;
-" s 7+' bl '1 4( 0- t) 2,-- 1 . -•€ t (7-19)

where we have substiLtuted H m tlf 3 and f'(o) - 2.024.

Upon substituting Eq. (7-19) back to Eq.(7-17) and noting that

- -4c (7-20)

from the core solution xe obtain a final form for w, in liquid layer

a2,4

--'"-
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With. the yel9citT profile known we may approximately solve the .liquid

energy equation 6y assuming that the dissipation is negligible.

T ;We have the enrgy , equation asS: * x • a --• 
17-22)

I. where (1-23)-U 

-- 2 3, 'A

Since the equation is still complicated we solve it by an approximation -

method in which the temperature profile :U assutid in o vIe of Cri. (5-13) as

GA C, t *1.it3 + CIt,(T-21.)Y

lilt whece c and a2 are to be determined with known conditions.

We know that at z 0 0, Y 0£- 0 ) because there wil-l be 'no liquid

cooling or gas. boundary layer. Thius- we hme C (t y) - 9(pCm).

Eq. (7-24)bccw.0s

eAf 0(c~. (1 tt~V7-25)

" If CL(t,y) ia -further approximated by

_ _ (,7-26)

JWehaye

- ~ at V , Ot ýOS 'fie have

ý7t,
a (7-28)~

-77777=7=-
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SAI•Q f•oz che. goye-i~nqejiation (7-22) eyluauted 0t • - 0 we haye

_ t j_ L- (7-29) A

Subtitute Eq. (7-26) into the right side of Eq. (7-29) we get

j (7-30)

•.' T Eq. (7-28)-with Eq (7-30) gives

$3~~ (7-.31)

"We therefore obtain the approximate4temperature distr•bution in the liquid

- layer as

If 8 the interface teaperature,is known heat transfer can be easily

calculated from Ea. (7-32) as

(7-303)

"Wen the heat transfer coefficient is defined as

q hTr

then the local Nusselt number is

L
• - (7-35)

I where Q and are given by Eq. (7-23) and (7-.8) respecti ,ely. To de.-ivc:

the interface ttvr¢.rature, Ogi, theoretically we-Must match the liquid

I T
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temperature..pqfile vith. the gas profile. T9 dQ thisp. we use the matching

condJton of heat flux at interface y T -at is

r K (7-36)
7-

Substitute Eqs. (7-11) and (7-13) for the left hand side of Eq. (7-36) and

Eq., (7-32) evaluated at interface for the right hand side. of Eqo. (7-30) we have

• ( .. V' (7-37)~it Jt~rI

coz

I It is: suggested that this equation should be evaluated in the further study.

VII-3 Discussion .9

i'irat it should be remarked that the solution obtained is an approximatedIV
one. Further improvement and study is certainly needed. However some

conclusion based on the present result may be drawn. Let us consider a

calculation of heat transfer with liquid cooling by Eq. (7-35) for

SM40 Model at t '1.2 and x 0.507.

"Here is the dimensionless liquid thickness. To estimate this thickness

1 • we assume that three quarters of lVquid in the projectile may reach behind

the projectile and is uniformly coated on the, barrel surface. Thus from

41 Eq. (7-8)

Fe 4-L -0L4srb~I 4 34S
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T" (¢g•-04,4) in Eq. Q7-35) i~s the dimensionless tempera~ture dl~fe~ence between 6

the gms 3qut.,d. interface, and the wall. To estimate ths. we. assume that the

gas-liquid interface temperature is approximately equal to that of the

wall temperature of the standard round without cooling. From Fig U1-2 we find

that at z - 0.507 Ce., where s 2 probe is located) at t 1.2 (ie., 1.9586

zilliseconds) the temperature difference is

Fo 9; teti- -at c- 4•. O' o

For the tine rate change of the wall temperature, we have from

I Fig 11-2 at the same time and position as
~A

TY v -0. o•

Q from Eq. (7-23) gives

Note that Reynolds number and the reference quantities are the same as

Lj given in Chapter W. Now we may calculate the local Nusselt number from Eq. (7-35)

as

To calculate heat transfer we have from the definition of modified N,'ewton's Law

I.°

7Te
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281 t-

S~2

Recall that we had q 405 Mt.0 sec for A1,thout coQllng . This means

that there is approximately, 30% in reduction of heat transfer to the wall

at t - 1.2 and z -0.,507 mhen modified projectile wa -used. Although

the above calculation gives approximately, the right, order of reduction in

heat transfer it is felt that there are many assumptions involved that may

3iot be easily verified.

An alternative short way to estimate the heat flux and it-a coefficient

is presented as follows. From the experiment we learned that the heat flow

'oes not reach. the external wall of the barrel at E 2.3 m.s. after the

projectile was fired. We may, therefore, assume that within this time interval

"the heat transfer may be represented by the heat fl to a semi-infinite solid

body exposed to a time-dependent temperature on the surface as t > .0 See Fig

"i.-i- The internal barrel surface is simulated as the surface of the semi-infinite

body. Then at r given ,-..tion of z we have the following governing equation

on solid wall side, in dimensional

D(kT-T,
(7-38)

T temperature profile in the solid wall

Ufa T - room temperature at t = 0
0

t - time variable

I

-i--!-
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Y= distance from the surface pointing to the solid wall

a = the thermal diffusitivity of the solid.

Let

T =T-T
•: (7-39.)

where

t = the correspondent time where the projectile is located, in the
p

barrel after the firing

We have Eq. (7-38)

with the initial condition

at t < t and 0 < Y <
-p -s

t' f0and T =To, T=0 (7-41)

and boundary conditions

at t > t or 0

P (7-0,)
= 0 T T T 0-T

4 0
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The .GolutILQn fo is, re~dily obtatned from the book by Carslaw and Jaeger

Ll3')p.62, [

~ ___ _____(7-h4i )

where A is a dummy variable. The internal surface temperature w(XZ) is a

function of time and position along Z-axis and can be approximated from experi-

mental data. 9nce T is known the integration in Eq'(7.44) can be performed.
w

However, the irregularity of the present experimental curves, Fig VII-l, did not

allow us to provide an appropriate equation for T at the Uime when this report
W

was written. A further effort is certainly needed to investigate the Eq. (7.44).

7- Then the local heat flux to the solid wall is

""I ->•I -t"(-

(745

L , where

-YS= Y distance from the surface pointing to the gas flow

From Newton's cooling law we have

I • ,..'6)

ith. Eq. (7-451 we have

. -T (7-oo7)

4 
•
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Then the heat coefficient is

14 1z IN (7-48) -

4 4

-Substituting for from Eq. (3-36) we obtain

1-3

L (7.49)

Thus the local Nusselt number becomes *

t. -I- LrT

where

k = Con~uctivity of solid wall

Ik = Conductivity of gas boundary layer

%T(01z) = internal surface temperature of the barrel which is

given in Fig VII-l

Due te the irregularity of the experimental curves it is very difficult to

provide an approximated curve to represent (t' ,z) properly. Hoever

wA
numerically integration cf Eq(7-50) may be performed to find '"he local

Nusslet number. it should be noted that for this Nusselt number the heat

transfer calculation should follow the conventional Newton's cooling la•-given

in Eq. (7-'46). .2

T,•
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I;'

Ii/'

0

900
i ' • ••st, At zO.268

300
0

j0 ~ 0.5 1 I

TDIE, t'MILLTSE(C.

(a) Without coaling

0 900

1,At z=0.268

•i TtME, t , NILLISEC.

304-

(b) dith cooling

Note: (1) T - T.T where T absolute wall temperature, To
room tmp-erature.

(:) t -- where I = any time fromt 0 to 2.3 milBisec.,
ptin t rge interval for tho projectile passes a givennosition after firiig,, i p.

(3) Dashed lines indicate Z> 2.3 mill-soc., which does not
apply to the present problem.

Internal Wall temperacures, W,-ith and lith',)t Cnling
.V.s Time, .
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YIII REcOi1ENDATI.ON

The study of th. last fifteen months under the contract recommends

the following contiAuing studies:

(A) The experimental results obtained up-to now show that the %odtfied

T projectile with coolant does have substantial cooling effect. However,

much more data is needed in order to understand the vechanism of cooling
S-- and to calculate heat transfer. An improvement in measuring the interior

"surface temperature is needed. In particular, at the breech end a high

St temperature probe with fast response should be installed. This measurement
kM

is important since it is one of the boundary conditions needed in the heat

transfer analysis. A measurement of the core temperature behind the

projectile can-be made by implanting a thermocouple In the projectile

? " flush with its base. The thermocouple wire protected in plastic tube

is lcd through the gun barrel to the muzzle end and is then connected

to the recording device. To the present investigator's knowledge the

measurement of core temperature following a projectile has not been done

before.

(B) Movie pictures may be used to record the spreading of the coolant when

"it comes out of the muzzle end.

(C) Hot wire measurements of velocity and Schlieren pictures can be used to

study the gas dynamic behavior of the mixing of the coolant and the pro-

pellant gas at the exit.

(D) A series of continuous firing should be continued at the Rock Island

Arsenal to determine the cooling effect of the modified projectile No. 2,

That is to find for the modified projectile the maximum interior and

exterior wall temperature, maximum heat transfer, maximum rounds af continuous

firing within the limits of yield stress and cook-off.

------------ !
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(E) From the measured data, the friction between the modified projectile

and the gun barrel, a parameter heretofore unavailable can be calculated. A

P .ence, the efficiency of lubrication by the coolant may be determined.

(F) The mathematical analysis obtained under the present contract is

preliminary in nature. Further study is certainly needed in order to

achieve a better prediction. Refinement of the core solution can be achieved

by considering that the density is both time and spatially dependent. The

present laminar sol.ution of unsteady, compressible flow should be extendedI
to the turbulent region so that the effect of the mixing of the

L. coolant and the propellant gas can be included.

(G) A suitable integral method can be developed for the turbulent, unsteady

compressible gun barrel flow. This is not the conventional Kirmfn -

Pohlhausen method since in the present case there are three independent var-

iables namely, the axial variable,z, the radial variable, r, and the time, t.

The derivation can be made specifically for the interior ballistics problem.

(H) Study of the flow in front of the projectile has little effect on

heat transfer between the propellant gas and the gun barrel. However, in case

of continuous firing gas dynamics in front of a projectile may aRpwediably

affect the amount of heat transfer. These gas dynamic effects include the ..

shock formation and the propagation of expansion waves.

(I) Eq. (7-37) should be computed to compare with the assumed experimental

one.

(J) Some form of study on the mixing of the cooling liquid and the pro-

pellant gas should be initiated since it is important for the calculation of

heat transfer.

(K) The effect of rifling groove must be considered in order that a better

prediction of heat transfer coefficient can be achieved.

-A
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DETEUI4INATýON OF M4ODIFIED PP0QJECTILE

ý,.n~sider a total 4tnQL~nt of waterM m, 0.039 ibm $tn A-mQdi!ed PtoQJectile

to be squeezed out in a tiwe. interval of 2.3 milliseconds,

•,Based on Fig. " I1-3 .we choose a. mean pressure difference, AP, between both

"ends of the small hole to be Ap = 10. KPSi approximately.

Substituting into the formula

Z ý, where V is the wYater velocity at the ezit of the7 V = .. 2g
Y" ..small..hole..

e hVe 624 -x 2x32.2 - 1220 ft/sec.
V 62.4

Then the .total area needed for t.he small holes is

-4

If the number of the small holes is 8, then their diameter is

32SThis leads a~s co use a d1,.K-.tnr of T - 0.0 "

.JW

I
-, - -h---
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AOPENDUX IlIA EXI'ERMERAM DATA (June 3, 1970)

NOTE: See Fig. 111-1 for Arrangment of Probes
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APPENDIX IIIB EXPERIMENTAL DATA (June 19, 1970)

NOTE: See 11g. III-I for Arrangement of Probes
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APPENIX IrUc EXPEMENTAL DATA (August 17, 1970)

NOTE: See Fig. III-1 for Arrangement of Probes

No temperature data were avilable
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APEDIX YA.

DETE1jNATION OF CQNSTANTS FOR EqS. (5-6) AND C5ý111

Pressure, see Fig 1:-I3 Ard Fig fI.-1

P 2  10. 2 KPSi. at z q 0.268Q4

P " 3 lSi, at z,-1-,-.e:-, at ex..t-

7- Temperature, estimated from -Fig. II-2 and Ref. (3) Fig. 9

T.e '-21OUOq, at z -01

Then dimensionless. density

or IPeTsl L2.21

From Eq. (5-11) C' is determined as

C' - pz - 2.21 x 0.25804 - 0.5928

Li

yl
3.

51

J
RL
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APPENDIDX VIA

DERIVATIQN OF ERS. (6-13) %MDOUGH (6•45) Br H V- LA1yTT 1NSOWfATION

ILet new variables -(One fsxaueter Group Theoxy)

wher a(s6nAarmeer)r
S• wh~e're a Is 4 parameterZ 1 , 2 , y 1 9l2, Y3 are constants. In tenw of

the above new variables Eqs (b-9) through (C-1-1) are written as follows

V

- -4'ti (6A-2)
3.~a -11ji

S(~6A -7

IIAJ-

II

In order to have a conformal invariance the index of paramter a In each

term of the equation mist be equal . hat is

(6A-7)



iilThe conatante, inthe 4ho~ye euat~konm, can be. dete~xi,-Lied aA f o11o~s

! i' . .
A (6A-8)

L

from" Eq. (6A-5) we obtaIn

from (6A-9)

from Eq, C6A-7)

•., = - :a(6-io)
*IIA

fromEq. (6A-6)

fo (6A-u)

from Eqs (6A-9) and (6A-11)

- A -- -(6A-12)

Now we can define two new invariant variables 4 and ni as folows:

£1

inWlet the- dependent yaiLablea be

'A61 4  ~ I (6A-'13)

A
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whe e'fl? f2, And f3 4Te..Zunlctlqfl of rL

BY the -chain rule we have

!jSubstituting Eqs (6A-121 into Eqs(6A-2), (6A-3) and C6A-4). we 0btain a set I

Lof transformed ordinary, diffierential equation

::IU --. ~. /7 - A

~I I

where the parameter a's cancel one another. (--

ii ILII

tt
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A~kENDIX VIB

DEE~TQ Q~r f W iAT naGC FOR~ Eq. (6-16)
From thae tr• •aQruatin Eq (6-12)

S1.65 (6B-1)

At the wall, y - 0  n- M, by equation of state

E1o) (' o046 (6B-2)

The pressure, ý obtained from core solution Eq. (5-12) can be readily fed in.

The wall temperature 4. in Eq. (f,2)is measured from Fig I.-2 at positions

z -0.26804, 0.50763, and 0.69451, for various time, t,. Then fi(0) at

different tive are determined by a computer program. The resuited output

for£11(o) (we used c in the. place of fC(o) in the computer progrm) is

tabulated in the fOllmwing computer program. Since, fl(o) should be a

constant In-equations (6-13) through (6-15), hence the approximated value

of f 1 (o) which is taken as average of various fl(o) is computed. This

resulted in fl(o) - 3.2.

1 A

I
I!
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k DERIYATI.N W 4 t FOR~ Eq. C7r2l AND h Ct} FOR EQ. (7-6).

The liquid ftl thickness right behind the projectile is hA and total liquid

~. i flow-rate squeezed'froim the smarll holes on the prolecttle iit

where density

- total cross-section area of the small holes

Ap - pressure difference between two ends of the small holes

In dimensionless, Eq(7A-l)is written as

Iii (7A-2)

where (See also Nomenclature)

MA.

Therefore the total amount of the liquid from the breech to the base of

the projectile which, is at z z (t) isC

F1 -

- T-~~- * * ~ --- ~ -



1= 977

!J!. IIf bp, • .,'iA.g5,wd the dc.,."-.ence f,, the ,xeu.u, h.etee the base oX

the proJect~le and exit hole of t hN- prQectile. We hae

To estimate the rate of coating on the will of the ba~rell we Nte thatS-E

-~ AA .((A1 ) (UA-3)

where

D
do -L diameter of the barrel

Kt = velocity of the projectile

For conservetion, Eq (7A-2) an.v -q ('A-3 moust be equal. Then

5.FZ - . ...*Wc4;r-- (7A-4)J

If we assume Ap - , p is obtained xrv% the core solution Eq (5"12), Eq. (D-4)

"is rewritten as

M-5)

aJ


